Cardiac iron overload causes most deaths in ␤-thalassemia major. The efficacy of deferasirox in reducing or preventing cardiac iron overload was assessed in 192 patients with ␤-thalassemia in a 1-year prospective, multicenter study. The cardiac iron reduction arm (n ‫؍‬ 114) included patients with magnetic resonance myocardial T2* from 5 to 20 ms (indicating cardiac siderosis), left ventricular ejection fraction (LVEF) of 56% or more, serum ferritin more than 2500 ng/mL, liver iron concentration more than 10 mg Fe/g dry weight, and more than 50 transfused blood units. The prevention arm (n ‫؍‬ 78) included otherwise eligible patients whose myocardial T2* was 20 ms or more. The primary end point was the change in myocardial T2* at 1 year. In the cardiac iron reduction arm, the mean deferasirox dose was 32.6 mg/kg per day. Myocardial T2* (geometric mean ؎ coefficient of variation) improved from a baseline of 11.2 ms (؎ 40.5%) to 12.9 ms (؎ 49.5%) (؉16%; P < .001). LVEF (mean ؎ SD) was unchanged: 67.4 (؎ 5.7%) to 67.0 (؎ 6.0%) (؊0.3%; P ‫؍‬ .53). In the prevention arm, baseline myocardial T2* was unchanged from baseline of 32.0 ms (؎ 25.6%) to 32.5 ms (؎ 25.1%) (؉2%; P ‫؍‬ .57) and LVEF increased from baseline 67.7 (؎ 4.7%) to 69.6 (؎ 4.5%) (؉1.8%; P < .001). This prospective study shows that deferasirox is effective in removing and preventing myocardial iron accumulation. This study is registered at http://clinicaltrials. gov as
Introduction
Heart failure resulting from myocardial iron deposition is the leading cause of death in patients with ␤-thalassemia. [1] [2] [3] [4] [5] Treatment with the iron chelator deferoxamine has improved morbidity and mortality in these patients. However, despite the availability of effective treatment, cardiac iron overload occurs in approximately half of patients maintained on long-term deferoxamine over decades. 6 This may result from several poorly characterized factors, including low compliance with the demanding regimen of injections and differential heart and liver iron-loading kinetics. 7 The heart iron transporters divalent metal transporter 1 (DMT1) and L-type voltage-dependent Ca 2ϩ channel (LVDCC) are well recognized, 8, 9 and genetic variation in these or other proteins might also play a role in differential iron loading. This highlights the need for early detection and regular monitoring of cardiac iron overload, as well as effective iron chelation therapy with a more convenient regimen that may help improve patients' compliance.
It is now well established that some patients on long-term chelation therapy with high liver iron have little or no cardiac iron overload, and, conversely, some patients with evidence of cardiac iron overload have little liver iron loading. 10 Thus, liver iron concentration (LIC) and its surrogate marker serum ferritin may not reflect myocardial iron status, particularly when used as a single cross-sectional measurement. Therefore, direct myocardial iron measurement should be regularly undertaken for confident clinical management of patients with ␤-thalassemia and other forms of transfusional iron overload at risk of myocardial iron loading. Noninvasive quantification of myocardial iron can be achieved using cardiovascular magnetic resonance (CMR) by measuring the myocardial T2*. 10 T2* is a measure of magnetic relaxation, which shortens when particulate hemosiderin storage iron disturbs the magnetic microenvironment, and it is easier to measure in the in vivo heart than T2. 11 The T2* technique has been calibrated in animals 12 and humans. 13 As myocardial T2* falls, there is increasing risk of left ventricular (LV) dysfunction 10, 14 and an increased likelihood of cardiac events. 15 The use of T2* MR has been linked to reduced cardiac mortality 16 and has good reproducibility. [17] [18] [19] Deferasirox (Exjade; Novartis) is a once-daily oral iron chelator that, in an extensive clinical trials program, has proven efficacious in reducing body iron burden in a variety of patients with transfusion-dependent anemias. [20] [21] [22] Deferasirox has demonstrated removal of myocardial iron in preclinical studies 23 and in preliminary reports of clinical studies in patients with transfusiondependent anemias. To evaluate the efficacy of deferasirox in removing cardiac iron and preventing cardiac iron loading in a large patient population, we prospectively assessed myocardial iron using T2* MR in a subgroup of patients with ␤-thalassemia who were enrolled in the large Evaluation of Patients' Iron Chelation with Exjade (EPIC) trial. 24 
Methods

Patient recruitment
The current study was a 1-year prospective, open-label, 16-center, singlearm study of a subgroup of 192 patients with ␤-thalassemia who were enrolled in the larger EPIC trial. 24 The EPIC trial enrolled 1744 male or female patients (Ն 2 years of age): including thalassemia (n ϭ 1115), myelodysplastic syndromes (n ϭ 341), aplastic anemia (n ϭ 116), sickle cell disease (n ϭ 80), rare anemias (n ϭ 43), and other transfused anemias (n ϭ 49). Patients had transfusional iron overload as shown by a serum ferritin level of 1000 ng/mL or more, or less than 1000 ng/mL but with a history of multiple transfusions (Ͼ 20 transfusions or 100 mL/kg red blood cells) and R2 MR-confirmed LIC of 2 mg Fe/g dry weight (dw) or more. In the current study, patients aged 10 years or older with serum ferritin levels of 2500 ng/mL or more, LIC of more than 10 mg Fe/g dw, a lifetime minimum of 50 transfused blood units, and LV ejection fraction (LVEF) of at least 56% as measured by CMR were eligible for enrollment into the substudy, which comprised 2 patient populations: the cardiac iron reduction arm and the prevention arm. Patients were screened and selected for enrollment in the cardiac iron reduction arm if they had a myocardial T2* from 5 ms to less than 20 ms, reflecting mild/moderate (Ͼ 10 to Ͻ 20 ms) to severe (Ͻ 10 ms) cardiac iron overload, while those fulfilling all eligibility criteria but with myocardial T2* of 20 ms or higher were enrolled in the prevention arm. The primary end point of the study was the change in myocardial T2* from baseline to 12 months.
Patients with a contraindication to MR imaging, including incompatible metal implants or pacemakers, claustrophobia, and inability to comply with instructions, were excluded from the substudy. Additional exclusion criteria for the EPIC trial were: mean alanine aminotransferase (ALT) levels of more than 300 U/L; uncontrolled systemic hypertension; serum creatinine above the upper limit of normal (ULN); history of nephrotic syndrome; previous history of clinically relevant ocular toxicity related to iron chelation; systemic diseases (such as cardiovascular, renal, and hepatic disease) preventing treatment or surgical/medical conditions that might interfere with treatment; use of systemic investigational drugs (within 4 weeks of study) or topical investigational drugs (within 7 days of study); positive test for HIV; and life expectancy of less than 1 year. Patients with psychiatric or addictive disorders, a history of drug or alcohol abuse, and pregnant or breastfeeding women were also excluded.
A total of 343 patients were screened for enrollment over 12 months ( Figure 1 ). In total, 192 patients, 114 in the cardiac iron reduction arm and 78 in the prevention arm met eligibility criteria and received deferasirox starting at a dose of 30 mg/kg per day (cardiac iron reduction arm) or 20 to 30 mg/kg per day (prevention arm). Subsequent dose adjustments of 5 or 10 mg/kg per day (up to a maximum of 40 mg/kg per day) were based on trends in serum ferritin assessed at 3-month intervals, myocardial T2* at 6 months, and safety parameters (dose reductions for elevated levels of serum creatinine and transaminases and in response to adverse events [AEs]). Patients had to be withdrawn from the substudy and treated with appropriate standard of care if they had (1) a decrease in T2* more than 33% from baseline, or (2) an initial decrease in LVEF to less than 56% but 50% or higher and LVEF remained less than 56% on a repeat assessment within 3 months of the initial one. A deferasirox dose increase up to 45 mg/kg per day was considered in patients who had a worsening T2* of lower magnitude (Յ 33% from baseline) or no improvement in T2* (Յ 25% from baseline) at 6 months. Dose increases beyond 40 mg/kg per day had to be approved by the Study Monitoring Committee and the study sponsor. The study was ethically approved at each participating center, and all patients (or parents/guardians) provided written, informed consent. The study was conducted in accordance with Good Clinical Practice guidelines and the Declaration of Helsinki.
Measurement of myocardial T2*
To quantify changes in cardiac iron overload, myocardial T2* was measured. CMR was performed at baseline and after 12 months of treatment. An additional scan at 6 months was performed in the cardiac iron reduction arm only. All patients were scanned at each site using a 1.5T scanner. After installation of the T2* MR sequence at each site, validation was performed first by scanning a standard phantom with multiple tubes of solution with known T2* values, second by scanning 5 patients at each site twice at baseline for local interstudy reproducibility, and third by rescanning these 5 patients again at the CMR Core Laboratory in London at 3 time points (within 2 weeks of the local baseline and at 6 and 12 months) for comparison with a reference scanner to provide interscanner reproducibility.
Myocardial T2* was assessed using a single breath-hold, multiecho gradient echo sequence as previously described. 17 In brief, a single 10-mm midventricular short axis slice was acquired at 6 to 9 echo times (2.6-17 ms, with 1-to 2-ms increments) in a single breath-hold. A full-thickness region of interest was chosen in the LV septum for analysis as previously detailed. 25 The signal intensity of this region at each echo time was measured with CMR tools software and an exponential fit was used to derive the myocardial T2* using US Food and Drug Administration (FDA)and European Union-approved software (Thalassemia-Tools; Cardiovascular Imaging Solutions). Analysis of all myocardial T2* images was performed centrally in the CMR Core Laboratory, and all analysis was performed blinded to patient details and scanning site. Excluded (n=151) Not meeting inclusion criteria (n=131) -T2* outside lower limit (n=18) -T2* outside lower limit and not included in prevention arm (n=68) -LVEF outside limit (n=6) -Sample size reached (n=39) Failure to meet compliance criteria (n=20) -Failure to attend MR scan/did not follow instructions (n=7) -Alcohol abuse (n=1) -Unacceptable laboratory values (n=10) -Did not meet LIC criteria (n=2) Figure 1 . Summary of screening, completion, and withdrawal patient numbers. PP indicates per protocol. The reasons for screening failure (n ϭ 151) were failure to meet inclusion criteria (n ϭ 131) and failure to meet compliance criteria (n ϭ 20). The inclusion criteria failures were: T2* outside of lower limit (n ϭ 18), T2* outside the upper limit and not included in the prevention arm (n ϭ 68), and LVEF outside of limit (n ϭ 6). In addition, 39 patients were screening failures for the cardiac substudy because the sample size had been reached, but they were enrolled in the core EPIC study. The compliance criteria failures were: failed to attend for MR scan, or did not follow instructions (n ϭ 7); failed compliance entry because of alcohol abuse (n ϭ 1); unacceptable laboratory values (n ϭ 10); and did not meet LIC criteria (n ϭ 2), with one patient having LIC of less than 10 mg/kg per day and one patient with a liver mass. The 68 patients who were not included in the prevention arm after screening failed because they did not meet the eligibility criteria for the core EPIC study (unacceptable laboratory values [n ϭ 32], unacceptable test procedure results [n ϭ 12], did not meet diagnostic severity criteria [n ϭ 9], consent withdrawal [n ϭ 1], other [n ϭ 14]). The "other" category comprised resident in Cyprus (n ϭ 1), MR imaging not working (n ϭ 3), noncompliance (n ϭ 2), unfit for cardiac substudy (n ϭ 4), and T2* more than 20 (n ϭ 4, no other information provided).
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BLOOD, 25 MARCH 2010 ⅐ VOLUME 115, NUMBER 12 For personal use only. on April 15, 2017. by guest www.bloodjournal.org From Assessment of cardiac function LV and right ventricular (RV) volumes, ejection fraction, and mass were measured by CMR at baseline and at 6 months (cardiac iron reduction arm only) and after 12 months of treatment. MR imaging data were acquired using steady-state free-precession cines with contiguous short-axis slices from base to apex as previously detailed. 26, 27 Ventricular volumes were analyzed centrally in the CMR Core Laboratory using LVtools (Cardiovascular Imaging Solutions). All analysis was performed blinded to patient details and scanning site.
Other iron measurements
Changes in serum ferritin and LIC from baseline to 12 months were assessed as secondary efficacy parameters. LIC was assessed by MR measurements of the transverse relaxation parameter R2 at baseline, and then at 6 months (cardiac iron reduction arm only) and 12 months after treatment initiation. R2 scans were performed using FerriScan (Resonance Health) according to standardized procedures by qualified personnel at individual sites. Before any patient assessment, all MR scanners were calibrated according to the providers' specifications, and the accuracy was verified by a central laboratory (Inner Vision Biometrics, a subsidiary of Resonance Health). The FerriScan R2 liver scan has been shown to be highly correlated with biopsy LICs. 28 Axial images of the liver were acquired at all imaging sites, 18 and all raw image data were transmitted electronically to a central laboratory for analysis using previously described techniques. 29 Serum ferritin was also measured at baseline and then every 4 weeks until the end of the study, with all assessments carried out at a core laboratory.
Safety assessments
Safety was evaluated every 4 weeks through the monitoring and recording of all AEs and routine laboratory testing, including hematology, blood chemistry, and urine assessments.
Statistical methods
Power calculations indicated that a total sample size of 85 patients was required to achieve a study power of 99% at a one-sided ␣ significance level of 0.025 to detect a change in the primary end point of myocardial T2* greater than 0.2 given a SD of 0.4, assuming a 10% drop-out rate. The primary efficacy end point was assessed in the per-protocol population, which included all patients who received the study medication and had a MR myocardial T2* measurement at baseline and at least one postbaseline measurement. For analysis, patients with cardiac iron overload were stratified into 2 groups according to baseline myocardial T2*: less than 10 ms and 10 to less than 20 ms. The last-observation-carried-forward (LOCF) value was used for the analysis of serum ferritin. Safety was assessed in all patients who received at least one dose of the study medication. Serum ferritin data are presented as median (range), and myocardial T2* are presented as the geometric mean (anti-log of the mean of the log data) plus or minus coefficient of variation (CV). Other data are presented as mean plus or minus SD. Statistical significance was examined using a t test at a 2-sided ␣ level of 0.05 on the basis of log-normal distribution.
Results
Patient characterization
Patient baseline characteristics are presented in Table 1 . Recruitment was initiated on May 15, 2006 and completion of 12 months of treatment was May 15, 2008. In total, 114 patients with mild to severe cardiac iron overload (baseline T2* from Ͼ 5 to Ͻ 20 ms) were enrolled in the cardiac iron reduction arm, and 78 patients with baseline T2* values of 20 ms or higher were included in the prevention arm.
Of those with cardiac iron overload, 47 (41.2%) patients had baseline T2* of less than 10 ms and 67 (58.8%) had T2* from 10 to 20 ms. Over the treatment period, patients in the cardiac iron reduction arm received a mean of 117 mL of red blood cells/kg, equivalent to 0.36 mg/kg per day of iron. In the prevention arm, patients received a mean of 96.6 mL of red blood cells/kg, equivalent to 0.29 mg/kg per day of iron. Transfusion burden did not affect responsiveness to deferasirox in T2* for the cardiac iron reduction arm (P ϭ .11) or the prevention arm (P ϭ .36). Nine (7.9%) patients with cardiac iron overload and 3 (3.8%) with T2* of 20 ms or longer discontinued treatment because of AEs (n ϭ 4 [3.5%] and n ϭ 2 [2.6%], respectively) or for other reasons (n ϭ 5 [4.4%] and n ϭ 1 [1.3%]).
The proportion of patients who had hepatitis C at baseline, as assessed by medical history, was 24.6% (28/114) in the cardiac iron reduction arm and 19.2% (15/78) in the prevention arm. Hepatitis C (as assessed by medical history) was not a significant predictor of baseline LIC (P ϭ .48) or serum ferritin (P ϭ .19).
Deferasirox dosing
The mean actual deferasirox dose received over the 1-year treatment period was 32.6 (Ϯ 4.0) mg/kg per day (range, 19.0-40.4 mg/kg per day) in patients with cardiac iron overload enrolled in the cardiac iron reduction arm, 31.8 (Ϯ 4.5) mg/kg per day (range, 19.0-38.6 mg/kg per day) in those with T2* less than 10 ms (severe cardiac iron overload), and 33.2 (Ϯ 3.6) mg/kg per day (range, 19.6-40.4 mg/kg per day) in patients with T2* from 10 to less than 20 ms (mild-to-moderate cardiac iron overload). Ten patients (8.8%) started treatment on deferasirox at 20 mg/kg per LIC and serum ferritin were calculated for 105 patients in the cardiac substudy and 75 patients in the cardiac prevention arm (per-protocol population).
*One patient receiving deferoxamine ϩ deferiprone also received concomitant deferasirox.
day, 102 (89.5%) on 30 mg/kg per day, and 2 (1.8%) on 40 mg/kg per day. Deferasirox dose was adjusted in 105 of 114 (92.1%) patients with cardiac iron overload. Fifty percent (57/114) of patients underwent dose increases above their starting dose. The overall median (range) time to any dose increase was 24 weeks (10-49 weeks). Doses were reduced in 13 patients (11.4%) due to laboratory abnormalities orAEs.At 12 months, 63.2% (72/114) of patients were receiving deferasirox at 40 mg/kg per day. Of the remaining patients, 5 (4.3%), 20 (17.5%), and 6 (5.3%) were receiving deferasirox at 20 to less than 30, 30, and 35 mg/kg per day, respectively. Compliance was assessed by tablet counts. Overall, 92.1% of patients in the cardiac iron reduction arm and 96.2% of patients in the prevention arm had more than 80% compliance.
In patients with myocardial T2* of 20 ms or more (prevention arm), 63 patients (80.8%) started treatment on deferasirox at 20 mg/kg per day and 15 patients (19.2%) started on 30 mg/kg per day; the mean actual deferasirox dose received over the course of the study was 27.6 (Ϯ 6.0) mg/kg per day. In total, 70 of 78 (89.7%) patients underwent dose adjustments, primarily dose increases (54/78 [69.2%]), which occurred in a median (range) of 16 weeks (4-43 weeks). Doses were reduced in 4 patients (5.1%) due to laboratory abnormalities or AEs. Almost half of patients (37/78 [47.4%]) in the prevention arm received a final deferasirox dose of 40 mg/kg per day. Final doses were less than 20, 20 to less than 30, 30, and 35 mg/kg per day in 1 (1.3%), 10 (12.8%), 19 (24.4%), and 8 (10.3%) patients, respectively.
Patients with cardiac iron overload (cardiac iron reduction arm)
At 12 months, myocardial T2* increased significantly (indicating reduced myocardial iron) from a baseline of 11.2 ms (Ϯ 40.5%) to 12.9 ms (Ϯ 49.5%) (P Ͻ .001; Figure 2A ), representing an improvement of 16% from baseline. Significant increases from 7.4 ms (Ϯ 19.4%) to 8.2 ms (Ϯ 25.6%) (P Ͻ .001) and from 14.6 ms (Ϯ 20.9%) to 17.4 ms (Ϯ 31.2%) (P Ͻ .001) were observed in the subgroups of patients with baseline T2* of less than 10 ms and from 10 to less than 20 ms, respectively. Improvement in myocardial T2* (Ͼ 4% increase) was observed in 69.5% of patients (73/105), no change in 14.3% (15/105) of patients, and worsening (Ͼ 4% decrease) in 16.2% (17/105) of patients. Twentyfive (23.8%) patients had a normal myocardial T2* of more than 20 ms at the end of 12 months of treatment.
LVEF remained stable at 12 months (67.0 Ϯ 6.0%; P ϭ .53) in patients with cardiac iron overload ( Figure 2C) . Similar results were observed in patients with baseline cardiac T2* of less than 10 ms (baseline, 65.8 Ϯ 5.4%; 12 months, 65.2 Ϯ 6.0%) and in those with T2* from 10 to less than 20 ms (baseline, 68.4 Ϯ 5.7%; 12 months, 68.2 Ϯ 5.8%).
At 12 months, mean LIC was significantly reduced from baseline (28.2 Ϯ 10.0 to 21.4 Ϯ 12.7 mg Fe/g dw at 12 months) by Ϫ6.6 (Ϯ 9.9) mg Fe/g dw (P Ͻ .001; Figure 3A) , including patients with baseline T2* of less than 10 ms (28.4 Ϯ 10.0 at baseline and 23.4 Ϯ 12.6 mg Fe/g dw at 12 months; Ϫ4.9 Ϯ 9.7 mg Fe/g dw; P Ͻ .003) and those with baseline T2* from 10 to less than 20 ms (28.1 Ϯ 10.0 at baseline and 20.0 Ϯ 12.7 mg Fe/g dw at 12 months; Ϫ7.7 Ϯ 10.0 mg Fe/g dw; P Ͻ .001). In 25 of 97 patients who had LIC more than 15 mg Fe/g dw at baseline, the LIC fell below 15 mg Fe/g dw at 12 months. In 13 of 15 patients who had LIC less than 15 mg Fe/g dw at baseline, the LIC remained below 15 mg Fe/g dw at 12 months.
Median serum ferritin decreased significantly from baseline to 12 months by Ϫ1257 ng/mL (range, Ϫ10 282 to 7680 ng/mL; P Ͻ .001; Figure 4A ). Significant decreases were also observed in patients with baseline T2* of less than 10 ms (7155 at baseline and 4810 ng/mL at 12 months; Ϫ1626 [range, Ϫ10 282 to 2970] ng/ mL; P Ͻ .001) and in those with baseline T2* from 10 to less than 20 ms (4893 at baseline and 3926 ng/mL at 12 months; Ϫ1090 [range, Ϫ7264 to 7680] ng/mL; P Ͻ .001). Serum ferritin values after 1 year of treatment were seen to increase in 17% of patients at the end of the study compared with baseline. The 12-month median serum ferritin was 4345 ng/mL (range, 405-15 939 ng/mL).
Patients with normal myocardial iron (prevention arm)
After 12 months of treatment, the T2* was 32.5 ms (Ϯ 25.1%) compared with a baseline value of 32.0 ms (Ϯ 25.6%) (ratio of For personal use only. on April 15, 2017. by guest www.bloodjournal.org From geometric mean, 1.02; P ϭ .57; Figure 2B ). None of the patients from this cohort with myocardial T2* of more than 20 ms at baseline had a T2* value below 20 ms at 12 months. LVEF significantly increased from 67.7% (Ϯ 4.7%) at baseline to 69.6% (Ϯ 4.5%) at 12 months (mean change, 1.8%; P Ͻ .001; Figure 2C ).
Mean LIC significantly decreased from baseline (28.8 Ϯ 10.2 to 21.6 Ϯ 12.2 Fe/g dw at 12 months) by Ϫ7.2 (Ϯ 10.5) mg Fe/g dw (P Ͻ .001; Figure 3B ), representing a 30% reduction. There was a significant reduction in median serum ferritin from 4367 ng/mL at baseline to 3145 ng/mL at 12 months, representing an overall decrease from baseline of Ϫ1048 (range, Ϫ4502 to 3710) ng/mL (P Ͻ .001; Figure 4B ) and a relative reduction of 20%. Serum ferritin values after 1 year of treatment were seen to increase in 20% of patients at the end of the study compared with baseline. Change from baseline in T2* was inversely correlated with change in serum ferritin (r ϭ Ϫ0.2, P ϭ .05). In 18 of 64 patients who had LIC of more than 15 mg Fe/g dw at baseline, LIC fell below 15 mg Fe/g dw at 12 months. In 12 of 12 patients who had LIC of less than 15 mg Fe/g dw at baseline, LIC remained below 15 mg Fe/g dw at 12 months. The 12-month serum ferritin was 3145 ng/mL (range, 1078-9483 ng/mL).
Safety
In the cardiac iron reduction arm, AEs were reported by 88 of 114 (77.2%) patients, with the most common being infections (n ϭ 44, 38.6%), gastrointestinal disorders (n ϭ 35, 30.7%), and skin and subcutaneous tissue disorders (n ϭ 27, 23.7%). Drug-related AEs were mostly of mild to moderate severity and reported in 56 of 114 (49.1%) patients, with skin rash (n ϭ 15, 13.2%) being the most common. Serious AEs were reported in 12 of 114 (10.5%) patients, of which 2 were drug related: 1 poststreptococcal nephritis leading to acute renal failure, and 1 renal tubular disorder; both eventually resolved after drug discontinuation. Serious AEs unrelated to drug were each reported in 1 patient (except where shown): autoimmune hemolytic anemia, cardiomyopathy, ulcerative keratitis, abdominal pain (n ϭ 2), noncardiac chest pain, pyrexia, appendicitis (n ϭ 2), viral infection, increased ␤-N-acetyl-D-glucosaminidase, reduced creatinine clearance, increased urine potassium and urine sodium, hyperglycemia, bone cyst, musculoskeletal pain, calculus ureteric, microalbuminuria, and proteinuria. No patients with cardiac iron overload died during the study. The 1 patient (0.9%) reported to have cardiomyopathy had a baseline cardiac T2* of 8 ms and discontinued treatment before 6 months. This was assessed to be unrelated to drug and did not lead to death. Five patients (4.4%) had an increase in serum creatinine more than 33% above baseline and ULN on 2 consecutive visits. Two patients (1.8%) had an increase in ALT more than 10ϫ ULN on 2 consecutive occasions; levels were already elevated at baseline in these patients, but neither had hepatitis C.
In the prevention arm, 53 patients (67.9%) reported AEs, the most common of which were infections (n ϭ 32, 41.0%), gastrointestinal disorders (n ϭ 24, 30.8%), and skin and subcutaneous tissue disorders (n ϭ 19, 24.4%). Mild to moderate drug-related AEs were reported in 31 of 78 (39.7%) patients, with diarrhea (n ϭ 8), rash (n ϭ 7), nausea (n ϭ 4), and urticaria (n ϭ 4). Eleven serious AEs were reported unrelated to drug in 7 of 78 (9.0%) patients. Serious AEs, each in 1 patient only, were RV failure, abdominal pain, intestinal obstruction, acute pancreatitis, pyrexia, acute cholecystitis, cholelithiasis, gastroenteritis, pharyngotonsillitis, pulmonary tuberculosis, and pulmonary hypertension. In addition, there were no deaths in this patient group. In the 1 patient (1.3%) reported to have RV failure, the baseline T2* was 36.7 ms and was 29.3 ms after 281 days, with RV failure recorded on day 205; this did not lead to death. One patient (1.3%) had an increase in serum creatinine more than 33% above baseline and ULN on 2 consecutive visits; there were no progressive increases. No patient had an increase in ALT of more than 10ϫ ULN on 2 consecutive visits.
Discussion
This is the first prospective, multicenter study in a large group of iron-overloaded patients with ␤-thalassemia to evaluate the efficacy of deferasirox in removing myocardial iron. Deferasirox over 1 year at a mean dose of 32.6 mg/kg per day removed iron from the heart in patients with cardiac iron overload and prevented myocardial iron accumulation in patients with normal baseline myocardial iron levels at a dose of 27.6 mg/kg per day. These data in a large cohort of 114 thalassemia patients confirm the efficacy of deferasirox in removing cardiac iron shown in preliminary reports, and they show for the first time that iron chelation therapy with deferasirox in 78 patients with normal baseline cardiac iron levels can prevent accumulation of cardiac iron. The improvement in myocardial T2* in the current study was associated with maintained ejection fraction in the patients with cardiac iron overload. In patients with normal baseline cardiac iron levels, there was a significant improvement in LVEF. In both patient groups, the effects on myocardial iron were associated with a concomitant significant decrease in hepatic and body iron burden.
The efficacy of cardiac iron chelation has been shown with other drugs in patients with thalassemia major using myocardial T2*. A randomized controlled trial showed deferiprone monotherapy to be effective in removing cardiac iron, and at a significantly faster rate than deferoxamine. 30 A further randomized controlled trial showed the combination of deferiprone and deferoxamine to be more effective than deferoxamine alone. 31 Deferiprone has also been shown to be effective in severe cardiac iron overload in an uncontrolled study. 32 A randomized controlled trial comparing deferasirox against deferoxamine is underway. No prospective data exist comparing deferiprone and deferasirox.
In the current study, the improvement in myocardial T2* in patients with cardiac iron overload was associated with maintained LVEF, while in the prevention arm (patients without cardiac iron overload), the ejection fraction improved significantly. In both the cardiac iron reduction and the prevention arm, only patients with baseline LVEF within the reference range for healthy adults were included, and therefore further studies would be required to evaluate the efficacy and safety of deferasirox for patients with lower ejection fraction values. Changes in ejection fraction have been evaluated in studies with other chelators using CMR. In a randomized study in patients with mild-to-moderate cardiac iron overload, and with baseline ejection fraction values within the reference range for healthy adults, deferiprone significantly improved ejection fraction in comparison to deferoxamine, which showed no change. 30 Similar results were seen in a randomized comparison of combination deferiprone with deferoxamine in comparison with deferoxamine alone. 31 The explanation for the different pattern of response of ejection fraction with deferasirox, and the clinical significance of this finding, are not currently known. Deferiprone and deferasirox both access labile cardiac iron, and both appear to be superior to deferoxamine in this regard. 33 One possibility for the ejection fraction improvement seen with deferiprone may be that it prevents iron-related mitochondrial damage, 34 which could result in earlier restoration of mitochondrial function and ATP production, which are required for normal myocyte contraction. This accords with clinical experience that an improvement in ejection fraction may precede changes in T2*, with the former reflecting acute relief of toxicity and the latter measuring storage iron. The data from the current study suggests that the ejection fraction improvement with deferasirox occurs after myocardial iron clearance is more complete. Further studies are required to examine this issue.
Compliance to iron chelation therapy has been correlated with improved survival and a reduction in the likelihood of long-term complications of iron overload (including hepatic, cardiac, and endocrine problems). 35 A recent study in 19 patients receiving deferasirox at 20 to 35 mg/kg per day showed that myocardial T2* was significantly improved in patients with 95% or higher compliance to treatment compared with those with less than 95% compliance, suggesting a relationship between good compliance to therapy and reduction in myocardial iron. 36 Studies have shown that more patients treated with deferasirox are satisfied with treatment and find deferasirox to be more convenient compared with prior chelation therapy (deferoxamine and/or deferiprone), factors that may help improve treatment compliance. [37] [38] [39] The highest dose of deferasirox currently approved by most health authorities is 30 mg/kg per day. However, the FDA, European Medicines Agency, and several additional health authorities (in Canada, Switzerland, and Brazil) have recently approved doses up to 40 mg/kg per day in patients not adequately controlled with doses of 30 mg/kg per day (eg, serum ferritin levels persistently Ͼ 2500 ng/mL with no decreasing trend over time); doses above 40 mg/kg per day are not recommended. The EPIC trial 24 was not part of the FDA submission for approval of doses up to 40 mg/kg per day.
Deferasirox was well tolerated, with the most common drugrelated AEs being mild to moderate transient gastrointestinal disturbances (prevention arm) and rash (both study arms). Of note, during this 1-year treatment period, there were no deaths reported with deferasirox therapy. Of 192 patients included in this study, cardiac events were reported in only 2 (1%) patients, 1 with cardiomyopathy in the cardiac iron reduction arm, and 1 with RV failure in the cardiac prevention arm. Neither event was assessed by the investigator to be drug related, and neither resulted in death. Furthermore, despite receiving deferasirox at 30 to 40 mg/kg per day, few patients had increases in serum creatinine 33% above baseline and ULN. This confirms previously reported data showing that the safety profile of deferasirox at doses above 30 mg/kg per day is consistent with that observed in registration trials. 40 There are some limitations to this study. Although patients with marked transfusional iron overload should be monitored by cardiac and liver MR imaging whenever possible, serum ferritin trends may prove useful in healthcare systems where serum ferritin is the most accessible indicator of iron status. Ferritin values after 1 year of treatment were seen to increase in 17% and 20% of patients in the cardiac iron reduction and prevention arms, respectively.
Although this may represent acute phase responses to intercurrent infection, poor compliance, or treatment failure, a similar proportion of patients was previously reported to have an increase in LIC at comparable deferasirox doses. 41 The ejection fraction increased in the prevention arm, but it is not clear whether the change is clinically significant. The cardiac T2* analysis is presented for the per-protocol population who completed 12 months of treatment, but reanalysis of the intention to treat population with LOCF for missing values showed very similar results. The optimal dose for using deferasirox for cardiac chelation is not fully defined; however, the current study suggests that doses of up to 40 mg/kg per day may be required, which is the current upper dose limit. The high dosing of deferasirox in this study has cost implications, but lower maintenance doses of deferasirox are likely to be possible once cardiac iron loading and body iron stores are controlled.
In conclusion, deferasirox treatment for 1 year removed iron from the heart and maintained LVEF in patients with ␤-thalassemia with mild, moderate, and severe myocardial siderosis. In patients with normal myocardial iron levels, deferasirox maintained myocardial iron levels and improved LVEF. A randomized controlled trial currently underway is comparing the cardiac efficacy of deferasirox with deferoxamine and will provide further valuable data on myocardial iron treatment.
